The Setup and application of Elemental Imaging System via Laser Ionization Mass Spectrometry and Matrix effect Investigation in High Irradiance Fs-laser-solid interaction by 张伯超
学校编码：  10384                        分类号________   密级________ 












The Setup and application of Elemental Imaging System via 
Laser Ionization Mass Spectrometry and Matrix effect 
Investigation in High Irradiance Fs-laser-solid interaction 
 
张 伯 超 
 
指 导 教 师： 杭纬 教授 
专 业 名 称： 分析化学 
论文提交日期： 2014 年 4 月 
论文答辩时间： 2014 年 5 月 
学位授予日期：      年  月 
 
答辩委员会主席：________ 
评    阅    人：________ 
































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的








































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 



























目   录 
摘    要 ................................................ I 
Abstract ................................................ III 
第一章 前言 ............................................. 1 
1.1 固体分析方法简介 ................................... 1 
1.2 四种常见固体元素直接分析质谱法简介................. 2 
1.2.1 辉光放电质谱法（GDMS） ............................................. 3 
1.2.2 二次离子质谱法（SIMS） ............................................... 6 
1.2.3 激光电离质谱法（LIMS） ............................................... 9 
1.2.4 激光剥蚀电感耦合等离子体质谱法（LA-ICPMS） ..... 12 
1.3 本论文的研究背景及意义 ........................... 15 
参考文献 ............................................ 17 
第二章 激光电离质谱元素成像系统的构建及应用 ............. 29 
2.1 元素成像研究背景 ................................. 29 
2.1.1 元素成像分析简介 .......................................................... 29 
2.1.2 激光溅射电离离子源介绍 .............................................. 31 
2.1.3 激光电离质谱固体无标样分析研究现状 ....................... 36 
2.2 激光电离质谱元素成像系统的构建 ................... 43 
2.2.1 元素成像系统硬件设计 .................................................. 43 
2.2.2 元素成像系统软件设计 .................................................. 45 
2.2.3 元素成像系统初步调试 .................................................. 50 















2.4 多金属结核元素成像初探 ........................... 57 
2.4.1 多金属结核研究现状 ...................................................... 57 
2.4.2 多金属结核成像分析 ...................................................... 59 
2.5 小结与展望 ....................................... 68 
参考文献 ............................................ 69 
第三章 飞秒激光溅射电离机理研究 ......................... 81 
3.1 飞秒激光简介 ..................................... 81 
3.1.1 激光器历史简介 .............................................................. 81 
3.1.2 飞秒激光的产生 .............................................................. 84 
3.2 飞秒激光与物质作用过程机理探讨 .................... 85 
3.2.1 飞秒激光与物质作用机理介绍 ....................................... 85 
3.2.2 飞秒激光溅射速率问题 .................................................. 88 
3.2.3 飞秒激光溅射电离等离子体相关研究 ........................... 89 
3.3 飞秒激光用于基体效应相关研究 ..................... 91 
3.3.1 激光电离过程中的基体效应 .......................................... 91 
3.3.2 飞秒激光溅射电离过程中基体效应研究 ....................... 93 
3.4 小结与展望 ...................................... 100 
参考文献 ........................................... 102 
第四章 总结与展望 ..................................... 111 
攻读博士学位期间已发表的论文 ........................... 113 

















Abstract(Chinese) ..................................................................................... I 
Abstract .................................................................................................... III 
Chapter 1 Introduction ............................................................................. 1 
1.1 Introduction to solid analytical methods .................................... 1 
1.2 Introduction to four elemental mass spectrometries ................. 2 
1.2.1 Glow discharge mass spectrometry (GDMS) ........................ 3 
1.2.2 Secondary ion mass spectrometry (SIMS) ............................ 6 
1.2.3 laser ionization mass spectrometry (LIMS) .......................... 9 
1.2.4 Laser ablation inductivity coupled plasma mass spetrometry 
(LA-ICPMS) ................................................................................. 12 
1.3 Objectives and content of this research .................................... 15 
References .......................................................................................... 17 
Chapter 2 Setup and application of elemental imaging via LIMS ..... 29 
2.1 Backgroud .................................................................................... 29 
2.1.1 Introduction of elemental imaging ...................................... 29 
2.1.2 Laser ionization ion source .................................................. 31 
2.1.3 Standless solid analysis via LIMS ....................................... 36 
2.2 Setup of elemetal imaging via LIMS ......................................... 43 
2.2.1 Hardware setup of elemetal imaging via LIMS .................. 43 
2.2.2 Software setup of elemetal imaging via LIMS .................... 45 















2.3 Elemental imaging analysis of mineral ..................................... 51 
2.4 Elemental imaging analysis of polymetallic nodule ................. 57 
2.4.1 Research status of polymetallic nodule ............................... 57 
2.4.2 Elemental imaging of a polymetallic nodule ....................... 59 
2.5 Conclusions ..................................................................................68  
References ..........................................................................................69  
Chapter 3  Machanism of fs-laser ablation ionization ...................... 81 
3.1 Introduction of fs-laser ............................................................... 81 
3.1.1 Brief histroy of LASER ....................................................... 81 
3.1.2 Creation of fs-laser .............................................................. 84 
3.2 Study of the machanism of fs-laser-matter interaction ........... 85 
3.2.1 Brief introduction to fs-laser-matter ineraction ................... 85 
3.2.2 Ablation rate ......................................................................... 88 
3.2.3 fs-laser induced plasma ........................................................ 89 
3.3 Study of matrix effect through fs-laser ..................................... 91 
3.3.1 Matrix effect in laser abaltion ionization .............................91  
3.3.2 Study of matrix effect in fs-laser abaltion ionizaiton .......... 93 
3.4 Conclusions ................................................................................ 101 
References ........................................................................................ 102 
Chapter 4 Summary and outlook ........................................................ 111 
PUBLICATIONS .................................................................................. 113 











































































It is important to acquire the elemental composition of the solids, especially in 
metallurgy, geochemistry, environment, space exploration, semiconductor industry, 
and other fields. With the rapid development of technology, new demands are required 
for the direct solid analysis, including standardless semiquantitative and quantitative 
analysis, microanalysis, and rapid analysis. In this dissertation, an elemental imaging 
laser ionization time of flight mass spectrometry (LI-TOFMS) was set up and applied 
to mineral analysis; besides, a femtosecond laser was applied to the LI-TOFMS in 
order to investigate the matrix effect during the femtosecond laser ablation and 
ionization process. Brief introductions of related researches were given as follows: 
The first section is about the setup of an elemental imaging laser ionization time 
of flight mass spectrometry (LI-TOFMS) and its applications in minerals and a 
deep-sea polymetallic nodule. The simultaneous and standardless semiquantitative 
analysis of metal and nonmetal elements within polymetallic nodules and 
two-dimensional elemental mapping LI-O-TOFMS has shown that LI-O-TOFMS is a 
powerful and convenient tool in multi-element detection and mapping with the 




 and a dynamic range of 7 orders of magnitude. It 
shows distinctive advantages compared with conventional methods for polymetallic 
nodule analysis and could be a promising tool for the investigation of the 
inter-element relationship in polymetallic nodules. Further investigation on the 
compositional variations of nodules with a similar origin might provide useful 
information to reveal environmental physico-chemical condition changes and major 
pale oceanographic events. 
The second section is about the study of the matrix effect during the pulse 
laser-matter interaction. The comparison of ns-laser and fs-laser in the 
buffer-gas-assisted laser ionization orthogonal time-of flight mass spectrometry was 
carried out by analyzing twenty nine solid samples with ten different matrices. The 
















diffusion could be ignored in fs-laser ablation ionization. The matrix effects are 
minimized with the increasing fs-laser irradiance. The matrix effects were reduced by 
half in the fs-laser mode, compared with that in the ns-laser. One reason is that there is 
almost no thermal diffusion during the fs-laser ablation process, and another 
important factor is that the fs-laser creates a dense plasma in the bulk which leads to 
the stable ionization. The RSC differences will exist due to the different ionization 
potentials and ionization cross-sections for different elements. However, with the 
reduction of matrix effect, true composition values can be approached with the 
correction of RCS values regardless of sample matrice, which makes the quantitative 
determination of element composition possible for the direct solid analysis through 
the high irradiance fs-laser ionization mass spectrometry. 
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辉光放电质谱法（Glow discharge mass spectrometry，GDMS），二次离子质
谱法（Secondary ion mass spectrometry，SIMS），激光电离质谱法（Laser ionization 
mass spectrometry，LIMS），激光剥蚀电感耦合等离子体质谱法（Laser ablation 
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